Ossification of the posterior longitudinal ligament (OPLL) is most commonly found in men, in the elderly, and in Asian patients. The disease can start with mild or no symptoms, but some patients progress slowly to develop symptoms of myelopathy. An accurate diagnosis through the use plain radiograph, computed tomography, and magnetic resonance imaging findings is very important to monitor the development of symptoms and to make decisions regarding a treatment plan.
Introduction
Ossification of the posterior longitudinal ligament (OPLL) is a condition of abnormal calcification of the posterior longitudinal ligament. The most common location is at the cervical spine region. Compression of spinal cord caused by OPLL may lead to neurologic symptoms and in the cases with severe neurologic deficit, surgical treatments are required. However, the exact pathogenesis and natural history of OPLL remain unclear, there is no standard treatment for patients with asymptomatic OPLL, and there is disagreement about the best surgical approach for surgery. In the present review article, we discuss the current development, natural history, clinical symptoms, classification, radiologic diagnosis, and treatments regarding OPLL.
Epidemiology
The incidence of OPLL is 2.4% in the Asian population, and 0.16% in the non-Asian population [1, 2] . OPLL is twice as common in men as it is in women, and symptomatic OPLL usually presents in the 5th to 6th decade of life. OPLL can be associated with other musculoskeletal diseases such as diffuse idiopathic skeletal hyperostosis, ankylosing spondylitis, and other spondyloarthropathy [3] [4] [5] [6] . According to Matsunaga et al. [7] , schizophrenia patients have a 20% incidence rate for OPLL.
Pathogenesis
The pathogenesis of OPLL is still unknown. There is some evidence that ligament cells from OPLL patients have osteoblast-like characteristics. In animal models, degeneration or herniation of the nucleus pulposus has been reported as a local factor that initiates OPLL formation. Additional studies on various factors including genetic, hormonal, environmental, and lifestyle have been reported as the cause of pathology and progression of OPLL. However, there is no consensus on this issue [8] [9] [10] [11] [12] .
OPLL is common in the Asian population and accordingly, genetic factors are considered to be an important factor for the incidence. There have been many studies on collagen genes, including on the human collagen A2 gene (COL11A2). Koga et al. [8] reported that the gene is located at chromosome 6p nearby human leukocyte antigen region, and seriously involves in development of OPLL. Maeda et al. [9] also reported sex-specific association of COL11A2 haplotype in male OPLL patients. In addition, retinoic X receptor βand collagen 11A2 were also reported to be closely related with OPLL. Bone morphogenic protein (BMP) induces the formation of ectopic bones and cartilage, and is considered to play an important role in the pathogenesis of OPLL. More specifically, BMP-2 stimulates differentiation of ligament cells of OPLL patients, and induces ossification by increasing alkaline phosphatase activity and stimulating DNA and procollagen Type I carboxyl-terminal peptide synthesis [10] . Transforming growth factor (TGF)-βwas also considered to be an important factor for OPLL formation, but Kawaguchi et al. [11] reported that TGF-β 1 polymorphism is not related to onset of OPLL, but is related to extension of ossification. In addition, insulin-like growth factors, connective tissue growth factors, growth hormone-binding proteins, platelet-derived growth factors and interleukin-7 are considered to be implicated in the development of OPLL [12] .
Non-insulin-dependent diabetes mellitus has been suggested to be a risk factor for OPLL. Li et al. [13] reported expression of insulin receptors in OPLL patients, proliferation of rat spinal ligament cells by insulin, and induction of osteogenic differentiation. As OPLL is a disease which increases bone formation in the ligament tissues, studies on the relationship between OPLL and bone mineral density (BMD) have been done and patients with OPLL had higher BMD than the non-OPLL controls [14] . Mechanical stress on spinal ligaments has been investigated as a cause of OPLL development and progression [15] . In studies in which mechanical stress has been applied to the ligament of OPLL patients, prostacyclin synthase levels have increased and accordingly, osteogenic differentiation was induced through the PGI2/cyclic adenosine monophosphate pathway.
Risk factors related to lifestyle, including frequent consumption of pickles, nondaily consumers of rice, family history of myocardial infarction, high body mass index at age 40, long working hours, and working the night shift are suggested to increase the risk of developing OPLL, whereas frequent intake of chicken or soy products and good sleeping habits reduce the risk of OPLL onset [16, 17] .
Pathology
OPLL is formed mainly through enchondral ossification, and part of it develops through membranous ossification. McAfee et al. [18] reported that the pathology of most OPLL cases is composed of a lamellar bone with mature Haversian canals, in addition to fibrous cartilages and woven bones wrapped with calcified cartilage.
Ossification begins at the connection area of lateral limbus of vertebral body and posterior longitudinal ligament, and progresses up and down. OPLL progresses slowly, and shows a wide variety of neuronal degeneration by compressing the spinal cord and nerve roots. However in some cases, good spinal cord function can be preserved without neurologic deficits and with the presence of up to 60% stenosis in the spinal canal. In accordance with the spinal cord compression, necrosis of the gray matter, decrease in anterior horn cells, and demyelinization of white matter can occure. Autopsy findings of myelopathy patients include necrosis of the gray matter and the white matter. The degree of injury in gray matter, and the degree of cord compression are related to the severity of the myelopathy.
Natural History
Understanding the natural history of OPLL is important in treating these patients, especially for the establishment of treatment plan for the patients who were accidently diagnosed to have OPLL without symptoms. The natural history of OPLL has not been established, thus a treatment plan for OPLL has not been established. Regarding the natural history of OPLL, Matsunaga et al. [19] reported follow-up results of 450 patients for at least 10 years, with a mean follow up period of 17.6 years. Only 17% of patients without myelopathy at the first visit developed myelopathy during the follow-up period. Based on Kaplan-Meier analysis, the myelopathy-free rate was 71% after 30 years. Based on this, they suggested that OPLL patients without symptoms of myelopathy do not require prophylactic surgery, and reported that 64% of patients who had symptoms of myelopathy in the early stages experience aggravation of myelopathy. Upon conducting an analysis of a total 131 OPLL patients who underwent posterior decompression, Chiba et al. [20] reported a 56.5% of progression rate over 2 years, and is more common in the cases of continuous or mixed type OPLL. However, the study has limitations due to different radiography conditions among institutions and the use of plain radiological findings alone, even though the measurement was adjusted by conducting a thorough computer analysis ( Fig. 1) .
In a follow-up study on the expression of OPLL symptoms conducted for a total of 156 patients for a mean of 10.8 years [21] , the authors of the study reported that both static and dynamic factors are involved in the expression of myelopathy; this expression was more common in the patients who had 60% or more of compression on spinal canal, and had wide range of motion in cervical spine than other patients.
Clinical Symptoms
At the early stage, most of OPLL patients do not have symptoms, complain mild pain, discomfort, or numbness in hands. As OPLL grows, symptoms increase in severity due to compression of the spinal cord and nerve roots. The most common symptoms in the early stages of OPLL include dysesthesia and tingling sensation in hands, and clumsiness. With the progression of neurologic deficits, lower extremity symptoms, such as gait disturbance may appear. OPLL patients show symptoms of myelopathy caused by spinal cord compression rather than radicular pain due to nerve roots compression. About 80-85% of OPLL patients experience a slow progression, but the symptoms become suddenly aggravated or even quadriplegia may appear by mild injuries.
Rigidity of lower extremities is a common physical finding, an increase in deep tendon reflex, and extremity dysesthesia can be shown.
Classification
As far as classification of OPLL, the method described by Investigation Committee on OPLL of the Japanese Ministry of Public Health and Welfare is most commonly used [1] . According to this method, OPLL is classified into the following: local type, segmental type, continuous type, and mixed type based on plain radiographic findings. The local type of OPLL is observed at the posterior rim of the intervertebral disc; the segmental type is observed at the posterior rim of each vertebral body; the continuous type is observed continuously long over many segments; and the mixed type is a combination of the above types.
Radiological Findings
Plain radiography is the simplest method to detect OPLL, but it has some limitations especially in the early stages of the disease. In a previous study, we reported low inter-and intraobserver reliability of lateral radiography as a tool for OPLL classification, particularly for continuous type OPLL. The interobserver reliability and intraobserver reliability were only 0.51 and 0.67, respectively. We emphasized the importance of computed tomography (CT), especially 2D or 3D reconstruction of an image that can be used for accurate diagnosis [22] . The degree of spinal stenosis can be measured using the ratio between the anteroposterior diameter of the spinal canal and the maximum thickness of OPLL mass in the same segment, which is found in the lateral view radiographs or in CT.
Since thoracic spine or thoracolumbar OPLL, and ossification of yellow ligament are commonly accompanied with the OPLL cases, examination on the whole spine is necessary, and CT or magnetic resonance imaging (MRI) is useful in this case because plain radiological exams have limitations. MRI has the advantage of well showing disc herniation if any, and conditions of the spinal cord in a noninvasive method, but has the limitation of showing unclear outline image of bone cortex. CT has the strength of showing accurate the shape and size of any ossified mass. One of the useful findings for diagnosis using MRI is a signal change in the spinal cord. It implies a poor prognosis even after a surgery. According to Sun et al. [23] , regardless of hyperintensity on T2-weighted imaging or hypointensity on T1-weighted imaging, signal change indicates a severe damage to the spinal cord, and in the case of intramedullary spinal cord changes in signal intensity on MRI, anterior approach is recommendable. By comparison, Vedantam et al. [24] reported that T2-weighted imaging was more useful than T1-weighted imaging for predicting the prognosis after surgery and more specifically, in the cases with a sharp shape, the prognosis was poorer than in other cases. For cases in which OPLL patients consider surgical treatments, dural ossification is one of the important radiological findings. When patients with dural ossification undergo decompression surgery using anterior approach, risk of developing complications such as development of another neurologic symptom or central spinal fluid (CSF) leakage is high. Mizuno et al. [25] reported that CT was the most useful tool in diagnosing dural ossification, which was shown a high with the non-segmental type. Hida et al. [26] classified dural defect findings into 2 types through CT images: double layer sign and single layer sign. Double layer sign was defined as anterior and posterior rims of hyper-dense ossification separated by a central hypodense mass. Ten out of 12 patients with double layer signs showed dural defects, while only one out of 9 patients with single layer signs showed the dural defect. Epstein [27] applied this classification to her patients and demonstrated the same results. In a study of 197 patients who underwent anterior decompression and fusion, Min et al. [28] confirmed that 20 (52.6%) out of 38 cases with the double layer sign had a dural defect, while 3 (3.6%) out of 22 cases with the single layer sign had a dural defect. They added when the hypodense mass is thicker, the risk of dural defect is high.
Studies on the determination of prognosis based on radiological findings have been conducted. Yagi et al. [29] demonstrated that a positive correlation between postoperative expansion of the high signal intensity area of the spinal cord and poor neurological outcomes of patients with cervical OPLL. A risk factor for the expansion of the high signal intensity area was spinal instability.
Matsuyama et al. [30] categorized cross-sectional shapes of spine at the maximal compression area into boomerang, teardrop, and triangular shapes. Among the shapes, the teardrop shape showed the best post-operative recovery, whereas the triangular shape showed the poorest prognosis due to the least expansion after surgery among other shapes.
Management
As symptomatic treatments, pain medication, topical agents, anti-inflammatory drugs, antidepressants, anticonvulsants, non-steroidal anti-inflammatory drugs and opioid can be applied, and bed rest and assist devices, such as a brace, are recommended for local stabilization. However, once the symptoms of myelopathy, such as gait disturbance and disorders of fine motor movement in the hand develop, appropriate recovery is not expected with conservative treatments.
Surgical approach can be selected based on the degree of myelopathy, the number of involved segments, the location of the primary pathology, the sagittal balance of cervical spine and surgeon's experiences.
Anterior Approach
After directly removing OPLL in anterior aspect, or floating the OPLL mass from the surrounding bone tissues, the involved segments are fused. When the pathologic focus is localized below the 3rd-4th cervical vertebrae, a direct anterior approach to the pathology can lead to a good result, but the risk of spinal cord injury is high and in the case that OPLL is not separated from the dura mater, there is a risk of developing complications such as a dural tear or CSF leakage [31, 32] .
In general, the anterior approach is recommended with the presences of 60% or more of OPLL occupancy, sharp OPLL shape, and cervical kyphosis, but in the cases of the multisegmental lesion, C2 and T1 areas involvement are technically difficult to be performed [33] [34] [35] . Surgical methods of anterior approach include anterior cervical disectomy with fusion (ACDF), anterior cervical corpectomy with fusion, open-window corpectomy and anterior decompression via a transvertebral approach, and a 51% to 71.7% of improvement rate has been reported (Fig. 2) . Koyanagi et al. [36] reported that 60% or more of OPLL patients showed accompanied disc protrusion at the maximal compression area, and in case of segmental-type OPLL, the rate increased up to 81%. Eventually, ACDF is the useful method of treatment for these patients, and the ratio of postoperative recovery reached 51% to 63.2%. Onari et al. [33] reported improvements in the 24 out of the total 30 OPLL patients who underwent the anterior fusion without decompression. This method was effective for segmental or local types rather than for continuous type or mixed type. This implies that dynamic factors play an important role in the expression of cervical symptoms in cervical OPLL patients. According to a recent literature review on surgical treatments conducted by Smith et al. [37] , even though the anterior decompression shows excellent recovery of neurologic deficits by direct decompression on the pathology, there is a soft tissue problem. In addition, the posterior decompression is useful for elderly patients, but cervical pain still remains and recovery of neurologic deficits is slower than anterior decompression. Song et al. [38] reported 9 cases of OPLL development out of 26 cervicomyelopathy patients, and a 92.3% of symptoms improvement using anterior decompression and intervertebral fusion.
Posterior Approach
Posterior approach is a relatively safe method and indirect decompression in the cases of severe spinal cord compression over 3 or more of segments expecting posterior migration effects, and this approach includes laminectomy, laminectomy and fusion, and laminoplasty (Fig. 3) . Laminectomy is the simplest method of decompressing the spinal cord at the posterior aspect, but this may result in post-operative instability and kyphotic deformity. However, deformity itself does not have an affect on neurologic results [39] .
Anderson et al. [40] found that laminectomy with fusion decreases the risk of postoperative kyphotic deformity and spinal instability compared with laminectomy alone, but functional improvement is similar to laminectomy or laminoplasty. During the posterior decompression, laminectomy on C2 or C7 should be carefully conducted to avoid the risk of causing a swan neck deformity. Additionally, when the both sides of facet joint is removed by 50% or more, combining cervical fusion with posterior decompression should be considered to avoid instability. The C5 root Review of OPLL / 271 Fig. 2. (A) Preoperative computed tomography and magnetic resonance imaging. (B) After C6 corpectomy and fusion using autogenous strut iliac graft, there showed complete decompression and recovery of subarachnoid space. palsy developing after the posterior laminectomy and fixation is related with the increase of cervical lordosis, and its major pathogenic mechanism is known as a tethering effect [41, 42] .
Laminoplasty is a useful method for decompressing the spinal canal posteriorly. Compared with laminectomy, this method has the advantage of reducing kyphotic deformity, which may develop after surgery, and postoperative neurological deficits according to scar tissue formation. There are 2 methods in laminoplasty: open-door and double door methods. Limitation of laminoplasty include axial neck pain, decrease in the cervical range of motion, risk of OPLL progression, limited effects in the cases of severe kyphotic deformity and large OPLL. Especially in case of the opendoor laminoplasty, limited access to hinged side, and risk of reclosure are part of known limitations [43] [44] [45] . Various modifications, such as inserting a spacer using an autogenous bone from a spinous process or hydroxyapatite [43] , or fixing a miniplate [44] that open-door laminoplasty can be applied to cervical spondylotic myelopathy (CSM) having unilateral radiculopathy, large prominence of OPLL, and a case double-door laminoplasty cannot be used due to a tiny spinous process. In addition, the authors recommended the open-door laminoplasty for ordinary CSM, for mild OPLL, and for CSM having bilateral nerve root stenosis. According to long-term follow-up results after conducting laminoplasty, a recovery ranging from 47.9% to 63.1% has been reported. Factors influencing results of surgical treatment include duration of myelopathy [46] , age [47] , pre-operative degree of kyphosis, 60% or more of spinal canal compression, and hill-shape ossification [48] . Poor prognoses have been reported in cases of long symptom duration, old age, severe pre-operative symptoms and traumatic myelopathy.
There are contradictory reports on the degree of OPLL progression and post-operative changes in cervical motion that still inspire controversy. Up to 32% of cases were reported to have a post-operative decrease in cervical range of motion, but this symptom was reported to not be related with post-operative cervical pain, and no progression was observed 18 months after surgery [49] .
Recently, Sakai et al. [50] reported at least 5 years follow-up result of myelopathic patients with OPLL, which was treated by an anterior or posterior approach. In the case of anterior approach, more cases of complication developed that were reported compared with posterior approach, but was more effective for symptoms improvement and was especially useful for the cases of severe spinal canal compression and kyphotic deformity.
According to the multi-center 2-year follow-up study on post-operative OPLL progression conducted by Chiba et al. [51] , 56.5% of patients who underwent the posterior approach experienced the re-growing of the OPLL size. In particular, the size easily increased in the cases of patient 60 years of age or less in age, while the segmental type cases showed less numbers of re-growing compared with other types. Additionally, 70-73% of posterior decompression cases, and 36-64% of anterior decompression cases were reported to show progressive increase of OPLL at 10-year follow-up results.
For some cases having localized severe anterior compression accompanied with cervical spinal canal stenosis, the anterior and posterior combined operation can be used. Posterior laminoplasty leads to posterior migration of compressed spinal cord, and finally one is able to conduct anterior decompression more safely.
There are few articles on the combined approach. Thirteen years ago, Epstein [52] confirmed usefulness of the anteroposterior decompression and fusion with 22 patients. Epstein' s combined approach was a considerably complicated surgery consuming a mean of 9.8 hours operation time with 3.5 units of blood loss, but the clinical results were satisfactory. According to another report on 65 patients [53] , pathology could be removed directly through the combined anterior and posterior fusion, and a maximum stability was obtained immediately after surgery. In addition, grafted bone fracture or displacement was not found when a dynamic plate was used in the anterior fusion, but a high possibility of fusion failure was suggested when the plate was not used or a constrained or semi-constrained plate was used. Accordingly, careful selection of plates and the anterior and posterior approach for multi-segment fusion were recommended. In addition, Song et al. [54] reported satisfactory results of the anterior and posterior approach with fewer complications in the case of myelopathy with kyphotic deformity compared with the results that only the anterior fusion was conducted. For the cases requiring multi-segment anterior decompression, the anterior decompression and fusion with cage only with posterior augmentation with instrumented fusion is considered to be a useful method of reducing the risk of soft tissue damage or graft related complications, and prevents progression of kyphosis in the mid to long-term follow-up. However, to establish applications and usefulness of the anterior and posterior combined approach in OPLL patients, further evaluation of more clinical cases and long-term follow up are needed.
Conclusions
OPLL is one of the more common factors causing myelopathy in Asian people. Etiology of OPLL is still unknown but genetic, hormonal, environmental and lifestyle factors have been considered to be related with development of OPLL. Radiological analysis of plain radiograph, CT and MRI is essential, and pre-operative meticulous evaluation on maximum compression area of the spinal cord, dural ossification, and presence of signal changes in the spinal cord is important for establishing treatment plans and Anterior and Posterior Approach, Combined Approach prognoses of the patients. Selection of surgical method for OPLL is still a highly controversial topic and accordingly, advantage and limitation of each method should be well understood. Up to now, the anterior approach has been known to be beneficial for the recovery of neurologic deficits, but surgical method should be selected carefully with the consideration of neurologic status, location of pathology, type of OPLL, presence or absence of kyphotic deformity, associated spinal deformity or medical illness of the patients, and the individual surgeon's experiences.
